Although vaccines against influenza A virus are the most effective method to combat infection, it is clear that their production needs to be accelerated and their efficacy improved. We generated live attenuated human influenza A vaccines (LAIVs) by rationally engineering mutations directly into the genome of a pandemic-H1N1 virus. Two LAIVs (NS1-73 and NS1-126) were based on the success of LAIVs for animal influenza A viruses. A third candidate (NSΔ5) is a unique NSmutant that has never been used as a LAIV. The vaccine potential of each LAIV was determined through analysis of attenuation, interferon production, immunogenicity, and their ability to protect mice and ferrets. This study demonstrates that NSΔ5 is an ideal LAIV candidate, provides important information on the effects that different NS mutations have on the pandemic-H1N1 virus and shows that LAIVs can be engineered directly from the genomes of emerging/circulating influenza A viruses.
Introduction
Influenza A viruses are highly contagious human and animal pathogens in the family Orthomyxoviridae. Annual influenza A epidemics result in 250-500 million infections, which cause 250,000-500,000 fatalities worldwide [1] . The influenza A viral genome is composed of eight negative sense single-stranded RNA segments (vRNAs) that together encode 10-11 proteins [2] . Influenza A virus vaccines have to be updated frequently because of "antigenic drift" variants that escape antibody neutralization and rapidly displace the previously circulating strains. We also need to swiftly generate vaccines to combat unpredictable intermittent influenza A virus pandemics (e.g., 1918 (H1N1), 1957 (H2N2), and 1968 (H3N2)), which are caused by "antigenic shift" viruses that can emerge from animal reservoirs [3] . An error-prone RNA-dependent RNA polymerase, large and diverse viral reservoirs, frequent interspecies transmission, and reassortment of the segmented RNA genome during co-infections are powerful evolutionary mechanisms that make influenza A viruses extremely challenging pathogens to predict or to control with antivirals or vaccines.
The unique influenza A virus responsible for the 2009 pandemic provides the most recent example of the evolution and rapid dissemination of a pandemic virus. In late April 2009, the first H1N1 pandemic (H1N1pdm) isolate was identified at the Centers for Disease Control and Prevention (CDC) in the United States, and sequence analysis indicated it to be a quadruple reassortant virus. The genomic vRNAs of the H1N1pdm virus were originally derived from North American classical swine viruses (HA, NP, NS), North American human H3N2 viruses (PB1), North American avian viruses (PB2, PA), and Eurasian avian-like swine viruses (NA, M) [4] . Because the H1N1pdm was antigenically distinct from the seasonal H1N1 virus that has circulated in humans since its re-introduction in 1977, there was little pre-existing immunity to the H1N1pdm in the human population, particularly among individuals born after 1950 [5] . Thus, the H1N1pdm virus spread globally, resulting in millions of infections and tens of thousands of deaths [6] . Prior investments in pandemic preparedness provided an increased global capacity for production of large quantities of H1N1pdm vaccines, and the extraordinary efforts of many health care professionals yielded a safe and fairly effective vaccine by the fall of 2009. However, the lack of H1N1pdm vaccine for the first 2009 winter season in the Southern hemisphere and the shortage of vaccine early in the 2009/2010 influenza season in the Northern hemisphere illustrate the need to develop methods to improve influenza A virus vaccine production.
The H1N1pdm vaccines approved for human use by the United States Food and Drug Administration are either inactivated split vaccines, which represent the majority of the vaccines currently administered, or live attenuated influenza virus vaccines (LAIVs). Both the inactivated vaccines and LAIVs are produced by creating reassortant viruses that generally contain six vRNAs (PB2, PB1, PA, NP, M and NS) from a master donor strain, plus the two glycoprotein vRNAs (HA and NA) from a virus that antigenically matches the strain predicted to circulate in upcoming influenza season (e.g. A/CA/07/2009). The reassortant vaccine seed stocks are prepared using both classical reassortment techniques and increasingly by the use of plasmid-based reverse-genetics. Although reverse genetics has enhanced our ability to generate influenza virus vaccines, the current LAIV and inactivated approaches both require significant lead time for vaccine production, and it is clear that innovative strategies need to be developed and tested in animal models [7;8] .
In the present study we used multi-segment reverse transcription polymerase chain reaction (M-RTPCR) and accelerated reverse-genetics technology [9] to rapidly engineer interferon (IFN)-inducing and attenuating phenotypes into the natural gene constellation of the novel H1N1pdm virus. The NS1 protein of influenza A virus is a multifunctional protein that plays important roles in virus replication and as potent type I IFN antagonist [10;11] . Mutations and/or deletions in NS1 typically induce stronger IFN responses by the host; those in turn suppress the replication of influenza virus [10] [11] [12] [13] [14] and can enhance immune recognition [15] [16] [17] [18] . Carboxy terminal deletions in the influenza A NS1 protein have been successfully exploited to create experimental LAIVs for avian, equine, and swine influenza A viruses [19] [20] [21] [22] [23] [24] . However, some of the ideal NS-based LAIVs (NS-LAIVs) for these animal viruses have different NS1 deletions due to the influence of strain specific variation in the NS gene, virus lineage, and gene constellation. The H1N1pdm is a novel reassortant, and its NS1 protein has unique properties that distinguish it from the NS1 proteins of typical influenza A viruses (e.g., it lacks 11 residues at the C-terminus), so the mutations required to generate the optimal H1N1pdm NS-LAIV candidate were unknown. Therefore, we created a panel of experimental H1N1pdm NS-LAIV candidates that have different deletions in the NS vRNA and analyzed the vaccine potential of each NS-LAIV in vitro and in vivo to identify the best candidate(s).
Materials and Methods

Biosafety and Animal Care
All experiments with infectious virus were performed using procedures and facilities that met or exceeded the requirements set forth by the U.S. Department of Health and Human Services for propagation of influenza A viruses. In vitro experiments with infectious H1N1pdm viruses were conducted using enhanced biosafety level 2 laboratory practices and procedures as described by the Centers for Disease Control and Prevention interim biosafety guidelines. Experiments involving animals were performed in a biosafety level 3 containment laboratory approved for such use by the Centers for Disease Control and Prevention and the U.S. Department of Agriculture.
The animal studies were conducted under approved animal care and use protocols at the Wadsworth Center, NYSDOH, and at the U.S. Centers for Disease Control and Prevention. All animal experiments were conducted in compliance with the requirements of federal and state regulatory agencies and used husbandry and procedures to limit discomfort, distress, pain or injury.
Cell Culture
Human embryonic kidney (293T) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Madin-Darby canine kidney (MDCK) cells and human lung adenocarcinoma (A549) cells were maintained in Eagle's minimum essential medium (EMEM), supplemented with FBS (5% for MDCK and 10% for A549).
Generation and Propagation of Recombinant Viruses
WT H1N1pdm influenza A virus A/New York/1682/2009 (NY1682) was created by reverse-genetics directly from a human swab specimen collected in New York state in April 2009 [9] . Deletions were introduced into the NY1682 NS plasmid to generate the three mutant NS segments: NS1-73, NS1-126, and NSΔ5 (Fig. 1A) . Nucleotides 246 to 482 (cDNA of NS segment) were replaced by stop codons to generate NS1-73; nucleotides 405 to 482 were replaced by stop codons to generate NS1-126; nucleotides 612 to 626 were deleted and the open reading frames for NS1 and NEP were maintained to generate NSΔ5.
Recombinant viruses NY1682 WT, NS1-73, NS1-126, and NSΔ5 were generated by cotransfection of eight reverse-genetics plasmids carrying the cDNA of each gene segment into 293T/MDCK co-cultured monolayer adapted from Hoffmann et al. [25] . Briefly, 0.6 μg of plasmid for each gene segment was mixed and incubated with 15 μl of lipofectamine 2000 (Invitrogen, Carlsbad, CA) at 20°C for 20 min. The lipofectamine-DNA mixture was transferred to 90% confluent 293T/MDCK cell co-cultures in a 35mm tissue culture dish and incubated at 33°C with 5% CO 2 for 8h. Transfection supernatant was replaced with 3 ml of Opti-MEM I medium (Invitrogen) supplemented with 0.3% BSA fraction V (Invitrogen), 3 μg/ml TPCK-trypsin (Worthington, Lakewood, NJ) and 1% antibiotic-antimycotic (Invitrogen). Three days post transfection, supernatant was collected and viruses were propagated in MDCK cells at 33°C (P1 stock). Viral stocks (P2 stock) for animal studies were generated by propagation of the P1 stocks at a multiplicity of infection (MOI) of 0.01 TCID 50 /cell, in MDCK cells, at 33°C. Titers of the viruses used in this study were determined by 50% tissue culture infectious dose (TCID 50 ) or plaque assay in MDCK cells. The TCID 50 assay was more accurate and consistent for determination of the titer of NSmutants; because they have a small-plaque phenotype.
Replication Kinetics in Cell Cultures
Confluent monolayers of MDCK cells were infected at an MOI of 0.002 TCID 50 /cell with recombinant NY1682 wild-type (WT) or any of the NS-LAIV candidates at 33°C in triplicate. One hour post infection (hpi), inocula were removed, and cells were washed twice and EMEM supplemented with 0.15% BSA fraction V, 3 μg/ml TPCK-trypsin, and 1% antibiotic-antimycotic was added. Supernatants were collected at 2, 12, 24, 48, and 72 hpi. Infection of A549 cells was performed similarly, except that a MOI of 0.01 TCID 50 /cell was used, and the virus growth medium was EMEM supplemented with 0.3% BSA fraction V, 2 μg/ml TPCK-trypsin and 1% antibiotic-antimycotic.
Assays for Type I IFN and IFN Stimulated Genes
For the VSV-GFP virus mediated bioassay, A549 cells were inoculated with one of the recombinant influenza viruses at an MOI of 4 TCID 50 /cell, or were mock-inoculated; supernatants were then collected at 8, 16 and 24 hpi. Supernatants were treated with UVirradiation to inactivate viruses and were then transferred to naïve A549 cells. Following 24 h of incubation at 37°C, supernatants were removed, and the cells were inoculated with VSV-GFP virus [26] , at a MOI of 2 TCID 50 /cell. GFP expression in the cells was examined by fluorescence microscopy 4 hpi with VSV-GFP.
RT-PCR detection of IFN-β mRNA in cells inoculated with the various influenza A viruses at 24 hpi. Total RNA was purified using TRIzol reagent (Invitrogen) and 80 ng was used as template for RT-PCR using the Qiagen OneStep RT-PCR kit (Qiagen, Valencia, CA). The primers for IFN-β were hIFNBF1 (5′-GGCCATGACCAACAAGTGTCTCCTCC-3′) and hIFNBR1 (5′-GCGCTCAGTTTCGGAGGTAACCTGT-3′) [27] ; for GAPDH were G3P-279 (5′-CATCACCATCTTCCAGGAGC-3′) and G3P-1069R (5′-CTTACTCCTTGGAGGCCATG-3′) [28] . For both targets, RT-PCR parameters were: 50°C for 30 min, 95°C for 15 min, and then 28 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 1 min, followed by a final extension at 72°C for 10min.
Quantitative RT-PCR assays for mRNA of IFN-β and IFN stimulated genes (ISGs) in A549 cells inoculated with one of the recombinant viruses at MOI of 4 TCID50/cell. At 4, 8, 12, and 16 hpi, total RNA was extracted from cells using TRIzol reagent (Invitrogen). 3-5 μg of total RNA was used to generate cDNA with RevertAid reverse transcriptase (Fermentas, Glen Burnie, MD) and oligo-dT primers in a total volume of 20 μl, according to the manufacturer's protocol. 0.25 μl of cDNA, 0.5μl of 10μM gene specific primer mix, and 5 μl of Brilliant II SYBR Green qPCR Mastermix (Agilent, Santa Clara, CA) were used as template for qPCR in a total volume of 10 μl. Reaction and analysis were performed on a LightCycler 480 (Roche, Indianapolis, IN). The mRNA levels were normalized to 18S rRNA levels, and were expressed as the fold increase relative to the average level for that RNA in the mock-inoculated samples collected at all time points. The N-fold expression values were calculated according to the 2 −ΔΔCT method [29] . Each of three biological replicates was measured in technical triplicates. The primers used for the analysis were IFNBfw (5′-TCTGGCACAACAGGTAGTAGGC-3′), IFNBrev (5′GAGAAGCACAACAGGAGAGCAA-3′), IL29fw (5′-GCCCCCAAAAAGGAGTCCG-3′), IL29rev (5′-AGGTTCCCATCGGCCACATA-3′), MXAfw (5′-GTTTCCGAAGTGGACATCGCA-3′), MXArev(5′-GAAGGGCAACTCCTGACAGT-3′), IP10fw (5′-GGAACCTCCAGTCTCAGCACCA-3′), IP10rev (5′-AGACATCTCTTCTCACCCTTC-3′), and 18SrRNAfw (5′-GTAACCCGTTGAACCCCATT-3′), 18SrRNArev (5′-CCATCCAATCGGTAGTAGCG-3′).
Mouse Studies
Virus attenuation was studied in 6-week-old female BALB/cJ mice (Jackson Laboratory, Bar Harbor, ME), that had been separated into microisolator cages at 5-weeks of age and allowed to acclimate to the ABSL3 laboratory for 6-8 days prior to the studies. Groups of 6-week-old female BALB/cJ were anesthetized with isoflurane and inoculated intranasally with 10 5 TCID 50 of each recombinant virus in 20 μl of PBS diluent, or mock inoculated with PBS to serve as controls. Body weights and clinical symptoms of the mice were monitored daily for 10 days. Nine mice in each group were euthanized on 1, 2 and 5 days post inoculation (dpi). Nasal washes (9 mice/group) were collected by insertion of a 26-gauge needle into the trachea and washing of the nasal turbinates with 1 ml of virus collection medium (VCM: EMEM supplemented with 0.15% BSA fraction V and 1% antibiotic-antimycotic), which was collected from the nostrils. Lungs from 6 mice/group were homogenized using a 5 mm stainless steel BB in a Tissue Lyser II (Qiagen) in 1 ml of VCM for virus titration, and lungs from 3 mice/group were fixed in 10% buffered formalin for 24 hours, stored in 70% ethanol for 3-7 days, and embedded in paraffin for histopathological examination.
Histopathological evaluation and immunohistochemical (IHC) assays were done using routine hematoxylin-eosin (H+E) stains of the lung tissues for histopathological changes. IHC assays were performed on 3μm sections of tissue using a monoclonal antibody against the nucleoprotein (NP) of influenza A virus [30] . The antibody/polymer conjugate was visualized by applying UltraVision LP system with napthol phosphate substrate (Thermo Scientific/Lab Vision) to tissue sections. Negative controls consisted of sequential tissue sections incubated with an isotype control monoclonal antibody.
For vaccination, microneutralization assay, and virus challenge studies, groups of ABSL3 acclimatized 6-week-old female BALB/cJ mice (Jackson Laboratory) were anesthetized with isoflurane and intranasally inoculated with 10 5 TCID 50 of one of the 5 viruses in 20 μl of PBS diluent, or else inoculated with PBS, to serve as a control (n=12/group). Serum was isolated from blood samples obtained from mouse tail veins at 21 dpi. The levels of neutralizing antibodies present in sera were assessed by microneutralization assay. Briefly, serum was 1:100 diluted prior to serial 1:2 dilutions in PBS, and mixed with 200 TCID 50 of NY1682 virus, incubated at 33°C for 1 h and transferred to MDCK cells in 96-well plates. At 4 dpi, the plates were stained with crystal violet and neutralizing titers were determined.
At 30 dpi, 12 mice per group were challenged intranasally with 5 × 10 4 TCID 50 (100 LD 50 in 6-week-old mice) of a mouse-adapted variant of NY1682 (A/NY/1682/2009-MA7) created by serial lung passage in BALB/cJ mice. This mouse-adapted variant of NY1682 was created by intranasal inoculation of 6-to-8 week-old naïve BALB/cJ, and lungs were harvested 4 days post inoculation, homogenized, clarified, and used to inoculate naïve mice for a total of seven passages (Submitted, Journal of Virology). Disease symptoms and weights of the vaccinated mice were monitored for 10 days and four mice from each virus group were euthanized at 3 and 6 days post challenge. Lungs were homogenized in 1 ml of VCM and titers were determined by TCID 50 assay. A/NY/1682/2009-MA7 causes dramatic morbidity in naïve mice and animals that became moribund or lost greater than 25% of their starting body weight were euthanized for humane reasons.
Ferret Experiments
Male Fitch ferrets (Triple F Farms, Sayre, PA), 7 to 10 months of age and serologically negative by hemagglutination inhibition (HI) assay for currently circulating influenza viruses, were used in this study. Ferrets were housed for the duration of each experiment in a Duo-Flow Bioclean mobile clean room (Lab Products, Inc., Seaford, DE). Groups of 3 or 4 ferrets were inoculated intranasally with 10 6.5 TCID 50 of one of the viruses: NY1682 WT (n=4), NS1-73 (n=3), NS1-126 (n=4), or NSΔ5 (n=4). Ferrets were monitored for clinical signs through 14 dpi as previously described [31] . Nasal washes were collected on 1, 3, 5, and 7 dpi and were titrated in MDCK cells by TCID 50 assay. Serum was isolated from blood collected 6.5 weeks after immunization/infection and used for neutralization assays. The ferrets were challenged with 10 6 PFU of A/Mexico/4482/2009 [32] 6.5 weeks postimmunization and monitored for clinical signs of disease through 14 dpi. Nasal washes were collected on 1, 3, 5, and 7 dpi, and were titrated in MDCK cells by plaque assay.
Results
Generation of experimental live attenuated influenza vaccines (LAIVs)
We created four recombinant H1N1pdm viruses (Fig. 1A) derived from A/New York/ 1682/2009 (NY1682) directly from an original clinical specimen using M-RTPCR genomic amplification and cloning techniques [9] . LAIV candidates NS1-73 and NS1-126 were designed to produce C-terminally truncated NS1 proteins that respectively retain the Nterminal 73 and 126 amino acids (Fig. 1A) . These C-terminal truncations were selected based upon the success of prior studies using a laboratory-adapted virus and animal viruses [12;19] . The NSΔ5-LAIV candidate was engineered to have an in-frame deletion of 15 nucleotides that affects both the NS1 (residues 196-200) and NEP (residues 39-43) proteins (Fig. 1A) ; this mutation has never been used to create a LAIV. NSΔ5 was designed because an analogous deletion occurred naturally in an H5N1 virus (A/SW/FJ/03) isolated from a pig; that deletion attenuated a normally highly pathogenic H5N1 virus (SW/FJ/01) in chickens [33] . Thus, the panel of viruses created consists of WT NY1682, and three NSLAIVs composed entirely of vRNAs from NY1682.
To confirm that the desired mutations were present in the panel of viruses rescued by reverse-genetics, we used M-RTPCR to amplify the genome of each virus and then analyzed the amplicons by agarose gel electrophoresis (Fig. 1B) . M-RTPCR amplicons of NS-vRNA from the WT (lane 1) and NSΔ5-LAIV (lane 4) migrate at similar positions (∼890 bp), whereas the deletions present in NS-vRNA of NS-73 (lane 2), and NS1-126 (lane 3) lead to accelerated migration of the NS amplicons (Fig. 1B) . The NS vRNAs of the recombinant viruses were subsequently confirmed by sequencing of the M-RTPCR amplicons (data not shown).
Attenuation of NS-LAIV candidates in vitro
The replication kinetics of the recombinant NS-LAIV candidates were compared to the kinetics of recombinant WT virus in Madin Darby canine kidney (MDCK) cell cultures ( Fig.  2A) . The WT virus replicated rapidly and reached the highest titer (10 8.2 TCID 50 /ml, at 72 h). The NS1-126 replicated with kinetics very similar to that of the WT virus in MDCK cells, and also achieved very high titers (10 7.8 TCID 50 /ml at 48 h) (Fig. 2A) . The NS1-73 and NSΔ5 viruses showed delayed replication rates compared to the WT rate ( Fig. 2A, 12 &  24 h) ; however, both eventually reach peak titers similar to that of the WT virus (10 7.5 TCID 50 /ml, at 72h) ( Fig. 2A) . All of the NS-LAIV candidates showed more pronounced attenuation, 100-fold to 1000-fold reduction compared to WT, in the A549 human lung epithelial cell line, which was statistically significant (p < 0.05) at all of the time points examined (Fig. 2B) . These results indicate that the NY1682 (H1N1pdm) NS-LAIVs are attenuated in human lung epithelial cells, but they can be propagated efficiently in MDCK cells.
H1N1pdm NS-LAIV candidates induce IFN and IFN-stimulated genes in human lung cells
A VSV-GFP virus [26] mediated IFN bioassay was used to determine whether the H1N1pdm NS-LAIV candidates induced elevated levels of type I IFN, relative to induction by the WT virus. Human A549 cells were inoculated with one of the recombinant influenza A viruses or were mock-inoculated. A multiplicity of infection (MOI) of 4 was used to ensure efficient infection of the A549 cells, regardless of the relative replication kinetics of the NS-LAIVs in this cell line. Supernatants from cells mock-inoculated with influenza A virus didn't inhibit the GFP expression from VSV-GFP virus, indicating that INF-α/β was not present at high levels in those supernatants (Fig. 3A) . In contrast, supernatants from cells infected by NS1-126, or NSΔ5, inhibited GFP expression as early as 16 hpi (Fig. 3A) . Supernatants from the NS1-73 infected cells contained lower levels of IFN, since GFP expression by VSV-GFP was only inhibited by the supernatant harvested at 24 hpi (Fig.  3A) . Supernatants from the cells infected with the WT H1N1pdm virus didn't show any inhibition of GFP expression up to 24 hpi (Fig. 3A) .
The VSV-GFP bioassay results were verified by RT-PCR amplification of the IFN-β mRNA from the cells inoculated with the WT virus or each one of the NS-LAIV candidates at 24 hpi. All of the NS-LAIV candidates induced high levels of INF-β mRNA production, whereas WT induced only low levels of mRNA; the mock-inoculated cells had no detectable mRNA (Fig. 3B) . Quantitative RT-PCR (qRTPCR) was used to further investigate the production of mRNA for type I and III IFNs and IFN-stimulated genes (ISGs) in A549 cells. Compared to the mock-inoculated cells, the WT virus infection induced a 10-fold increase in IFN-β mRNA by 12 hpi, while the NS-LAIV candidates induced 100-(NS1-73) to 3,000-fold (NS1-126, and NSΔ5) increases (Fig 3C) . qRTPCR analysis of the type III IFN, IFN-λ1 (IL-29) mRNA indicated that the NS-LAIV candidates induced 10,000-to 100,000-fold increases in mRNA by 16 hpi, whereas the WT virus showed only a 100-fold increase (Fig.  3D ). Although WT virus induced a 60-fold increase in the chemokine IP10 (CXCL10), the vaccine candidates induced 1,800-to 10,000-fold increases in IP-10 mRNA (Fig. 3E) . The ISG Mx is important in host resistance to influenza viruses and the production of human MxA was blocked in WT virus-infected cells. In contrast, ∼100-fold induction of MxA mRNA was observed in cells infected with anyone of the NS-LAIV candidates by 12 hpi (Fig. 3F) . The qRTPCR data (Fig. 3C-F) correlate with the results of the IFN bioassay (Fig.  3A) and with the attenuation of the NS-LAIV candidates seen in a human lung cell line (Fig.  2B) . Nevertheless, the qRTPCR results help to delineate differences in the host response to the various NS-LAIVs. NS1-126 and NSΔ5 consistently induced the greatest host antiviral response. While the induction of IFN and ISG mRNAs by NS1-73 lagged behind the induction by the other NS-LAIVs (Fig. 3C-F, 12 hpi) , it was considerably greater than that of the WT virus.
H1N1pdm NS-LAIV candidates are attenuated in mice
Mice were also used to examine the level of attenuation of the NS-LAIV candidates in vivo. Mice were inoculated intranasally with 10 5 TCID 50 of the WT, NS1-73, NS1-126, or NSΔ5 viruses, or were mock-inoculated. Clinical signs of disease such as ruffled fur were observed in mice inoculated with WT virus as early as 2 days post inoculation (dpi) (data not shown). Weight loss became evident at 3 dpi and the mice did not recover until 9 dpi (Fig. 4A) . In contrast, mice inoculated with any one of the vaccine candidates showed no clinical signs of disease and continued to gain weight at the same rate as did the mock-inoculated mice (Fig.  4A) . Students t-test showed that the weight loss caused by WT virus was statistically different from NSΔ5 and the other NS-LAIVs from days 3-to-8 (p < 0.05). Viral titers in the lungs of NS1-73, and NS1-126 infected mice were approximately 100-fold lower than titers from WT virus-infected mice, at all the time points analyzed (1, 2, and 5 dpi) (Fig. 4B) . The titer of the WT virus was significantly higher than any of the NS-LAIVs at 1, 2, and 5 dpi (p < 0.05, students t-test). Notably, the NSΔ5 LAIV was cleared from the mouse lungs very rapidly and the average titers were approximately 100-fold and 50,000-fold lower than the titers of the WT virus at 1 and 2 dpi, respectively (Fig. 4B) . Although there was an average of 10 6 TCID 50 /lung in mice infected by WT virus on day 5 pi, the average NSΔ5-LAIV titer was below the limit of detection. The NS-LAIV candidates also showed 10-to 100-fold lower titers in the upper respiratory tract (Fig. 4C ). The differences observed between the titer of WT virus and the NS-LAIVs in the upper respiratory tract were also statistically significant. For example, comparison of the titers of WT with NS1-126 by students t-test showed that they were significantly different (p ≤ 0.001) at all of the time points examined (Fig. 4C) . Nevertheless, all of the vaccine candidates were detectable through 5 dpi (Fig.  4C) , and this could promote a strong adaptive immune response.
Histopathological analysis of lungs from mice euthanized on 1, 2, and 5 dpi showed lesions typical of influenza A virus infection; the severity of histopathology observed in mice inoculated with recombinant WT or any of the NS-LAIVs directly correlated with the amount of virus present in the animals' lungs. Mice inoculated with WT virus had the most severe pathological changes, while mice inoculated with the NSΔ5-LAIV showed the least severe pathology. Beginning at 1 dpi, epithelial necrosis and sloughing into the bronchioles was evident in WT infected mice (data not shown). Peribronchiolar and interstitial inflammation were also evident at 2 and 5 dpi in WT infected mice (data not shown). Immunohistochemistry of the lung tissues collected 2 dpi from mice inoculated with the WT virus or any of the NS-LAIVs indicated that viral NP was present in the nuclei and cytoplasm of infected cells (red staining), including epithelial cells in the bronchioles (arrows) and in pneumocytes, either detached or lining the alveoli (Fig. 5) . The number of antigen positive cells varied depending on the virus strain, and corresponded to the extent of histopathology observed and the amount of virus present in the lungs (compare Figs. 4B and 5). Intriguingly, virus antigen was detected in all lobes of the lungs of mice inoculated with all of the recombinant viruses except in mice inoculated with NSΔ5. At 2 and 5 dpi NP antigen positive cells that are depicted in Fig. 5D were infrequently detected in mice infected with NSΔ5.
The H1N1pdm NS-LAIV candidates protect mice from lethal challenge
Groups of mice were inoculated intranasally with 10 5 TCID 50 of the H1N1pdm NS-LAIV candidates or either of the controls (WT or mock). Microneutralization assays demonstrated that the vaccine candidates elicited neutralizing antibodies in all of the NS-LAIV immunized mice, with the average antibody titer of each group ranging from 300 to 500 at 21 dpi (Fig. 6A ). When the mice were challenged with a lethal mouse-adapted variant of NY1682 (NY1682-MA7) at 30 dpi, each of the NS-LAIV candidates or prior infection by the WT virus protected the mice from the challenge. No disease symptoms were observed in the mice immunized by any of the NS-LAIV candidates or the WT control. In contrast, disease symptoms including ruffled fur, hunched posture, and weight loss were observed in the mock-immunized mice as early as 2 days post challenge (dpc); the symptoms progressed to severe disease, and the animals showed statistically significant (p<0.001, students t-test) weight loss compared to the WT or NS-LAIV immunized mice (Fig. 6B) . The mice became moribund, and succumbed to infection by 5-6 dpc. High titers of virus were also present in the mock-immunized mice at 3 dpc (4×10 7 TCID 50 /ml) and at 6 dpc (1×10 7 TCID 50 /ml) (Fig. 6C) . In contrast, virus was not detected in the lungs of mice immunized with NS1-73, NS1-126, NSΔ5, or the WT control, at 3 and 6 dpc (Fig. 6C) . This mouse challenge data demonstrates that all of the NS-LAIV candidates, including the highly attenuated NSΔ5, induced sterilizing immunity to challenge with a lethal variant of NY1682 H1N1pdm.
H1N1pdm NS-LAIV candidates were attenuated in ferrets and protective against homosubtypic challenge
The ferret is a well established animal model which generally recapitulates the severity and outcome of disease observed in humans infected with influenza A virus. To assess attenuation of the NS-LAIV candidates, we inoculated groups of ferrets intranasally with 10 6.5 TCID 50 of each vaccine candidate or the WT virus. The titers of viruses recovered from nasal washes ranged from 10 6.8 to 10 4.5 TCID 50 /ml through day 5 in the WT virusinfected group, while the NS-LAIVs were attenuated to various degrees (Fig. 7A) . Relative to WT, all of the NS-LAIVs showed at least 100-fold reduction in titer at 1 dpi (Fig. 7A) . The NS1-73 LAIV was the least attenuated in ferrets (Fig. 7A) , which was similar to that observed in mice. Relative to the WT virus, the NS1-126 LAIV showed 100-fold reduction in titer and the NSΔ5 LAIV was below the limit of detection (at least 1000-fold reduction) at 3 dpi (Fig. 7A) .
Disease symptoms and weights were also monitored through 14 dpi. Ferrets in all groups, including animals inoculated with the WT virus, remained alert and playful for the duration of the 14-day observation period. Clinical symptoms such as sustained fever, sneezing, nasal discharge, and diarrhea or other gastrointestinal symptoms were not consistently observed in infected animals. Infection with the WT virus caused modest weight loss in the ferrets (Fig.  7B ). Student's t-test showed that WT infection caused weight loss that was significantly different at every time point post infection compared to infection by the NSΔ5 LAIV (p < 0.05); the WT weight loss was also significantly different at 1 dpi, and at 7 dpi compared to weight loss caused by NS1-73, and significantly different at 9, 11, 14 dpi compared to weight change of NS1-126 infected animals (p < 0.05) (Fig. 7B) .
Sera from blood collected 6.5 weeks after immunization/infection were analyzed for the presence of neutralizing antibody (Fig. 7C) . The NS-LAIV candidates all induced very strong neutralizing antibody responses (1280-5120) that were similar to the titer elicited by WT virus infection (Fig. 7C) . The virus neutralization data illustrate that although the NS1-126 and NSΔ5 H1N1pdm LAIVs are highly attenuated and readily cleared by the host, they nevertheless induce a potentially protective antibody response.
To determine whether the NS-LAIV candidates protect ferrets from infection by a homosubtypic virus, we challenged ferrets 6.5 weeks post immunization with 10 6 PFU of the H1N1pdm virus A/Mexico/4482/2009, which was isolated from a 29-year-old female patient with severe respiratory disease [32] . Little disease or weight loss were observed in the naïve ferrets, and the ferrets immunized by infection with WT virus or the NS-LAIV candidates didn't show any disease symptoms or weight loss (data not shown). In contrast to the high titer of virus detected in the naïve ferrets through 5 dpc, the NS-LAIV immunized ferrets had very low levels of A/Mexico/4482/2009 in their nasal washes at 1 dpc (Fig. 7D) . The ferrets immunized with the NY1682 NS-LAIVs had ∼10,000-to 100,000-fold lower viral titers than did the naïve animals (Fig. 7D) . In summary, the NS-LAIV candidates dramatically inhibited initial replication of the H1N1pdm virus under stringent challenge conditions (10 6 PFU), and the vaccinated animals rapidly cleared the infection (to below the limit of detection, at 3 dpc).
Discussion
This study demonstrates that recombinant NS-LAIV(s) created directly from human swab material are effective experimental vaccines against H1N1pdm viruses. In vitro, the NS-LAIV candidates replicated efficiently in canine MDCK cells, which produce type I IFN but lack the ISG Mx [34] . Efficient replication in MDCK cells has important practical implications because this is an approved cell line for production of influenza A virus vaccines. Importantly, pronounced attenuation was observed in the human lung epithelial cell line A549, correlating with the induction of type I IFN and ISGs by the NS-LAIVs, and this is consistent with previous studies showing that influenza A viruses with deleted or truncated NS1 proteins are attenuated in IFN-competent cells [35;36] . The results from the IFN bioassays and RT-PCR analysis show the host innate immune response was induced at much higher levels in the human lung epithelial cells infected with NS1-126 and NSΔ5 than in those infected with the WT H1N1pdm virus. This data also indicates that NS1-126 and NSΔ5 are likely to be strong inducers of IFNs and ISGs in humans and other primates. Stimulation of the innate immune system is a major advantage to the NS-LAIV strategy because this acts as a natural adjuvant and enhances the adaptive immune response of the host [15-18;37] .
Mice immunized with the NS-LAIVs were asymptomatic, and the tissue titers of NS1-126 and NSΔ5 viruses were dramatically lower than the titers of WT virus, indicating that they were significantly attenuated in vivo. Histopathological and immunohistochemical analysis also showed that the NS-LAIVs were severely attenuated and rapidly cleared in mice; lesions in the lungs were the smallest and most sporadic in mice inoculated with the NSΔ5, and this correlated with the level of virus replication observed for this NS-LAIV candidate. Although both NS1-126 and NSΔ5 were highly attenuated, they generated complete immune protection from lethal challenge with a mouse-adapted variant of NY1682.
Examination of the NS-LAIVs in ferrets substantiated the pronounced attenuation phenotype of the NSΔ5 candidate that was observed in mice. For example, the NSΔ5 LAIV was severely attenuated and rapidly cleared by the two hosts ( Fig. 4B and Fig. 7A ). Although NS1-126 and NSΔ5 LAIV candidates were markedly attenuated in ferrets, both elicited strong neutralizing antibody responses that dramatically inhibited replication in the face of a high-titer challenge, and results in rapid clearance of the challenge virus (by 3 dpc), A/ Mexico/4482/2009 (H1N1pdm).
Collectively, the data from the in vitro and in vivo (mice, and ferrets) studies show that NS1-73 was the least attenuated LAIV candidate; and NSΔ5 was the most attenuated LAIV. NSΔ5 is a new type of NS-LAIV that has a subtle in-frame deletion (15 nt), which affects both the NS1 (residues 196-200) and NEP (residues 39-43). The NSΔ5 H1N1pdm LAIV was designed to be analogous to a naturally attenuated variant (A/SW/FJ/03) of a normally highly pathogenic H5N1 virus [33] . The NS1 deletion in A/SW/FJ/03 (NS1 residues 191-195) was shown to reduce binding of NS1 to host cleavage and polyadenylation specificity factor (CPSF), reduce NS1 protein stability, and enhance the type I IFN response of an H5N1 virus [33] . Our data prove that deletion of these 15nt in the NS vRNA of the quadruple reassortant H1N1pdm virus also stimulates the host innate immune response (specifically, IFN-ß, IFN-λ1, IP10, and MxA), and attenuates this virus. The fact that NSΔ5 attenuates two distantly related influenza A viruses suggests that this region of the NS gene/ protein(s) is a good target for NS-LAIVs against many diverse influenza A viruses and potentially for the development of anti-viral compounds. The role of the deletion of residues 39-43 from NEP has not been elucidated, but the induction of IFN and ISGs by NSΔ5 was similar to, or slightly lower than their induction by NS-126, suggesting that the NEP mutation may also have an attenuating effect, which warrants future investigation. LAIV safety and the potential problems associated with reassortment of LAIVs with other circulating influenza A viruses are also of paramount importance, and are challenges for the experimental approach described in this study. The currently licensed LAIVs have six internal-protein encoding vRNAs derived from the cold-adapted temperature sensitive A/ Ann Arbor/6/1960 master donor strain (ca A/AA/6/60), which is an H2N2 virus that was originally isolated in 1960 and then subjected to many serial passages in vitro [38;39] . This licensed vaccine has many point mutations in multiple vRNAs (e.g., PB1, PB2, NP) [40] [41] [42] that both attenuate the virus and enhance its safety by inhibiting the rapid generation of revertants and/or single-gene reassortants that have lost the attenuating temperature sensitive phenotype, but contain wild-type HA and NA vRNAs. Although the NS-deletions used in this study are large enough so that rapid reversion to a wild-type phenotype via point mutation is highly unlikely, substitution of the NS vRNA segment via reassortment with either wild-type H1N1pdm viruses or other seasonal viruses would remove the single attenuating vRNA. This is a very serious concern, particularly in situations where the emerging strains have pandemic potential but have not yet become widespread. Therefore, we envision swapping the cis-acting segment-specific packaging signals in the vRNA segments such as the HA and NS, which was recently effective with A/PR/8/1934 (H1N1) [44] , in order to prevent reassortment and enhance safety of future NS-based LAIVs. Additional animal studies and human trials with specific NS-LAIVs such as the recent study by Wacheck et. al. [43] are needed to help to define safety parameters for NS-LAIVs in humans.
A drawback of using the 6 internal-protein encoding vRNAs of ca A/AA/6/60 is that the cytotoxic T lymphocyte epitopes present in influenza A virus have mutated because of host immune pressure, which reduces immune recognition of the internal proteins expressed by currently circulating strains [45] [46] [47] [48] . Additionally, many immune evading amino acid substitutions are present when novel reassortants like the H1N1pdm virus emerge from animal reservoirs. Our strategy can be accomplished with equal, or greater, speed than typical reverse-genetics based vaccine approaches, which often require virus isolation prior to RT-PCR amplification with HA and NA specific primers. Most importantly, the LAIV approach outlined in this study has the advantage of stimulating the host's innate and adaptive immune system with the entire repertoire of proteins expressed by circulating or new emerging strains.
In summary, we rapidly generated a panel of recombinant LAIVs, directly from a patient specimen, by introducing attenuating mutations into the NS gene of an emerging pandemic influenza A virus. Our results demonstrate that two deletion mutations (NS1-126 and NSΔ5) in the NS vRNA in the unique gene constellation of the H1N1pdm virus attenuate this virus in a human lung epithelial cell line, in mice and in ferrets. A new type of NS-LAIV (NSΔ5) was designed and shown to be highly attenuated, and to elicit strong innate and adaptive immune responses, resulting in protection of mice from subsequent challenge with a lethal mouse-adapted variant of NY1682, and ferrets from challenge with A/Mexico/4482/2009. The creation of LAIVs by the rational introduction of attenuating mutations to the genome of emerging or currently circulating strains of influenza A virus could be integrated with current and future vaccine production scheme(s) and it has important potential advantages over the reassortant-based vaccine seed stock production strategies that are currently used. 
